Nephrin is a novel transmembrane protein of kidney glomerular podocytes, which appears crucially important for the maintenance of the glomerular filtration barrier. According to its predicted structure, nephrin has additional roles in cell-cell adhesion and/or signal transduction. We have previously cloned the rat homologue of nephrin and described its alternatively spliced transcripts alpha and beta. In this study we examined the alterations in expression and regulation of particularly the major alternatively spliced nephrin-alpha giving rise to a variant lacking the membrane spanning domain in the puromycin nephrosis of the rat. A down-regulation of up to 78% was observed of the full length mRNA after 10 d of PAN treatment. The expression changes of nephrin-alpha followed closely the expression of the full length mRNA. Interestingly, we also found nephrin protein in urine at the peak proteinuria samples of this model. These results suggest that soluble nephrin variants may be important markers for proteinuric diseases. Mutations in the newly identified NPHS1 gene cause the congenital nephrotic syndrome of the Finnish type (CNF). NPHS1 encodes a transmembrane protein, nephrin, with eight immunoglobulin-like and one fibronectin III-like module as well as a transmembrane and intracellular domain (1). Nephrin appears to be primarily located in the slit diaphragm area of podocytes (2-5) while distinct protein expression can also be found at the lateral podocyte membranes (2, 3, 6) . Nephrin is thought to be essentially involved in the assembly of filtration barrier of glomerulus. Thus far a variety of mutations, in addition to those preferentially found in Finland, have been described from all over the world (7, 8) and are invariantly associated with proteinuria. Interestingly, renephrosis after renal transplantation associates with high level of circulating antinephrin antibodies in CNF patients suggesting of a direct pathogenic role of the circulating antibodies (Wang et al., unpublished). In support to this, Topham et al. (9) have shown that in vivo injection of antibodies apparently identifying the extracellular domain of nephrin in the rat similarly induces heavy transient proteinuria.
Mutations in the newly identified NPHS1 gene cause the congenital nephrotic syndrome of the Finnish type (CNF). NPHS1 encodes a transmembrane protein, nephrin, with eight immunoglobulin-like and one fibronectin III-like module as well as a transmembrane and intracellular domain (1) . Nephrin appears to be primarily located in the slit diaphragm area of podocytes (2) (3) (4) (5) while distinct protein expression can also be found at the lateral podocyte membranes (2, 3, 6) . Nephrin is thought to be essentially involved in the assembly of filtration barrier of glomerulus. Thus far a variety of mutations, in addition to those preferentially found in Finland, have been described from all over the world (7, 8) and are invariantly associated with proteinuria. Interestingly, renephrosis after renal transplantation associates with high level of circulating antinephrin antibodies in CNF patients suggesting of a direct pathogenic role of the circulating antibodies (Wang et al., unpublished) . In support to this, Topham et al. (9) have shown that in vivo injection of antibodies apparently identifying the extracellular domain of nephrin in the rat similarly induces heavy transient proteinuria.
Experimental nephrosis of the rat induced with puromycin aminonucleoside (PAN) is widely used to study the mechanisms of proteinuria (10 -12) . The phenotype of PAN nephrosis resembles closely the morphologic and functional changes of the human "minimal change" disease in which the transient "fusion" and effacement of the podocyte foot processes leads to the loss of the ultrafiltration barrier (13, 14) .
We have recently cloned the rat homologue of nephrin and described its alternatively spliced mRNA variants alpha and beta (2) . The alpha variant lacks the exon coding for the transmembrane area and thus presumably produces a truncated soluble form of nephrin. Thus far nothing is known of the role the various splicing variants. In the human kidney we have described one splicing variant similarly lacking the transmembrane domain (3) . Thus, the experimental rat models appear particularly suitable to study the role of soluble nephrin forms.
Here we describe the expression pattern changes of nephrinalpha mRNA in PAN nephrosis by semiquantitative reverse transcriptase PCR (RT-PCR) and on protein level by immunoblotting.
MATERIALS AND METHODS

Animal experiments.
Young male rats of Sprague-Dawley strain (n ϭ 18) weighing 250 -280g (Department of Bacteriology and Immunology, University of Helsinki) were used in this study. The animals were fed with standard rat chow and had free access to tap water. Rats were given a single intraperitoneal injection of puromycin (puromycin aminonucleoside 15 mg/100 g, Sigma Chemical Co. Chemicals, St. Louis, MO, U.S.A.). The control group received 0.9% saline i.p. in equal amounts at day 0 of puromycin injection. Urine was collected using metabolic cages at day 0, 3, 6, and 9. All PAN-treated animals developed albuminuria, which was measured by nephelometry (Behring Nephelometer 100 analyzer, Behringwerke, Marburg, Germany). Animals treated with PAN were killed at day 3 (n ϭ 6) and 10 (n ϭ 6), while untreated control animals (n ϭ 6) were all killed day 10. Samples of cortical kidney tissue were taken after sacrifice to semiquantitation of RNA. The rest of cortical tissues were sectioned and snap frozen in liquid nitrogen and stored at [minus]70°C until used. Collected urine samples were stored for immunoblot studies as described earlier (15) .
RNA isolation. Cortical kidney RNA was isolated either immediately after sacrifice or from the frozen pieces of tissue (50 -150 mg) by the single-step acid guanidinium-thiocyanatephenol-chloroform procedure using Trizol® reagent (Life Technologies, GIBCO BRL, Paisley, Scotland) according to manufacturers instructions. For the removal of genomic DNA, the RNAs obtained were incubated with RNase free DNase I (Promega, Madison, WI, U.S.A.) for 30 min in 37°C together with human placental RNase inhibitor (Promega).
Semiquantitative RT-PCR. For the detection of different nephrin splicing forms semiquantitative reverse transcriptase PCR (RT-PCR) instead of less sensitive Northern blotting showed to be useful (16) . For this, cDNA was first synthesized with the Moloney Murine Leukemia Virus reverse transcriptase (M-MLV RT) enzyme (Promega) in the presence of oligo dT 15 -primer (Boehringer Mannheim) and an RNase inhibitor. The amounts of cDNA were equalized according to the ␤-actin levels. Sequence-specific oligonucleotide primers were designed according to rat nephrin sequence. The primers used only anneal to the alpha splicing variant (upper 5'-agcctcttgaccatcgctaa; RN-S3 and lower 5'gtcctcgccttcagcacctg; RN-alpha) corresponding to 480 nucleotides. In previous studies primers amplifying the full length nephrin mRNA (upper RN-S3 and lower 5'ggccataggctctctccact; RN-AS2) were used (see Fig. 1.) .
PCR amplifications were performed (total volume 25 L) in the presence of 0,5M each of the specific oligonucleotide primers, 0,2mM dNTP (Finnzymes, Espoo, Finland), 10X PCR Buffer with 15mM MgCl 2 (Perkin-Elmer, Cetus, Norwalk, CT, U.S.A.) and 1U AmpliTaq polymerase (Perkin-Elmer) for ␤-actin primers for 28 cycles or 32 cycles for nephrin primers (in first cycle denaturation was 3 min in 94°C and thereafter 45 s, annealing at 56°C for 1 min and extension at 72°C 45 s).
PCR products were electrophoresed in 6%polyacrylamide gel and quantified with the National Institutes of Health Image® program as described previously (16) Real-time quantitative PCR. To verify the expression level differences of nephrin transcripts as seen in the semiquantitation we used a novel real-time fluorescence based PCR detection method (TaqMan technology®; PE Applied Biosystems, Foster City, CA, U.S.A.) (17, 18) . This PCR method is based on the 5' to 3' exonuclease activity of Taq polymerase, which cleaves an internal probe during PCR amplification reaction. The probe (24bp), designed between nephrin specific primers (upper 2709 and lower 2783), is labeled with a reporter dye at its 5' end and a quencher dye at its 3' end. The fluorescent PCR products (74bp) were detected with the appropriate instrumentation (PE Biosystems model 7700).
Immunoblotting. Urine samples were electrophoresed in 8% SDS (SDS) polyacrylamide gels with reducing conditions and electrotransferred to nitrocellulose membrane (Scleicher & Schuell, Dassel, Germany). Thereafter the membrane was blocked by incubating with 3% BSA to prevent unspecific binding. Primary polyclonal rabbit anti-nephrin antibody directed at the extracellular part of nephrin (2), used at 1:300 (diluted in PBS/0.1% Tween-20) was applied for 60 min at room temperature. After several rinses with PBS/0.1% Tween-20, a secondary antibody (horseradish peroxidase-conjugated swine anti-rabbit immunoglobulins (Dako, Glostrup, Denmark) was used at 1:2000.
Statistics. Results shown are mean values ϮSD. The significance of results were evaluated by Mann-Whitney U test; p Ͻ 0.05 were considered significant. Semiquantitative RT-PCR and real-time PCR. A 40% reduction in the expression of nephrin-alpha mRNA was seen already at day 3 after PAN treatment and after 10 d of treatment the expression was only 30% of the expression level of controls (Fig. 3) . Close similarity in the decrease of expression to full length nephrin mRNA was obvious as previously shown (2) .
RESULTS
Urinary
To verify the adequate precision of the semiquantitation method we performed additional assay of the total mRNA level using the TaqMan® real-time PCR analysis. The values correlated well with those of the semiquantitation (Table 1) .
Immunoblotting. In the urine samples from PAN treated rats 6 and 10 d after injection the immunoblotting analysis revealed a faint but distinct band size of 166 kD (Fig. 4.) while no nephrin-specific band could be observed in the day 0 and 3 urine samples of low proteinuria. The size of the band suggested it to be the splicing form alpha.
DISCUSSION
In this study we characterize the regulation of the previously reported (2) nephrin-specific mRNA splicing in the puromycin nephrosis of the rat. Here we also show that nephrin can be detected among urinary proteins when the level of proteinuria exceeds 25 mg/mL in this experimental rat model. Whether the other commonly used experimental models of glomerular damage result in a similar release of nephrin and, particularly, what is the precise role of the soluble nephrin variants for the disease phenotype remains to be established in detail.
Nephrin was recently identified as a major structural component of the poorly understood yet functionally central structure of the glomerular filtration barrier (2-5), but little is still known of its exact functions. Interestingly, Topham et al. (9) could only recently show that the epitope of the previously introduced MAb MoAb 5-1-6 is nephrin. Earlier the MoAb 5-1-6 was shown to induce transient massive proteinuria when injected in the rat in vivo (19) . Our observations with i.v. injection of antibodies to different extracellular domains of nephrin agree with these results (Holthöfer et al., unpublished) . Ruotsalainen et al. (5) have suggested a zipper-like organization of nephrin molecules extending from both sides of adjacent podocyte foot processes, forming a structural scaffold for the filtration barrier. Other proteins involved in the poorly known filtration slit organization include presumably at least P-cadherin (20) , possibly synaptopodin (21) and (from the intracellular the tight junction aspect) ZO-1 (22) . In addition to these data, Furness et al. could show regulation of nephrin mRNA in human acquired nephrotic syndrome (23) .
The possibility that local regulation of nephrin functions are modulated by usage of alternatively spliced forms is intriguing. The splicing variant expression pattern in the rat and human kidney resembles closely each other (2, 3) . In analogy to nephrin splicing, modulation of local receptor functions by releasing soluble protein is e.g. known for angiotensin II receptors, interleukin receptors and some T cell receptors (24 -26) . There is, however, only indirect evidence based on the predicted amino acid sequence of proposed nephrin functions in receptor mediated signaling (1). Here we got conclusive evidence that the alpha variant follows closely the expression pattern of the full length mRNA, is translated into protein and apparently secreted into the urine. The full functional relevance of the splicing variants in human and rat glomerular diseases, however, remain to be characterized in detail. Earlier data have shown that nephrin protein is found in the interpodocyte filtration slits (1-4) although some nephrin is always present at the podocyte plasma membranes (2, 3). Our further studies have shown an increase in the plasma membrane localization of nephrin in experimental renal disease as detected by immunoelectron microscopy (27) . Whether this represents an increase in the protein product of the splicing variant is not known. However, the detection of the splicing variant as shown here supports the following hypothesis: under normal conditions only minor amounts of the soluble nephrin variant is translated and cannot be detected in the urine. In diseased glomeruli, instead, an efficient translation of the splice variant is induced, leading also to major leakage of the soluble nephrin. Since the puromycin model may also lead to direct damage of podocytes with release of all epitopes into urine, other less damaging models of glomerular injury, as well as detailed mechanisms of intracellular mRNA processing should be studied. We are currently developing antibody tools to identify readily the splicing variants thus allowing the detailed analysis of translation to proteins.
